The diŠerences are reported in the triacylglycerol (TG) structures of oils containing gamma-linolenic acid (GLA) from Oenothera biennis Linn seed oil (OBLO) from the wild plant, evening primrose seed oil (EPO) from a cultured plant, and bio-GLA oil (BIO) from a mold, the physiological functions of which were ascertained by animal testing.
Gamma-linolenic acid (GLA) is considered to be an agent for a variety of physiological eŠects [1] [2] [3] [4] such as in the treatment of atopic eczema and premenstrual syndrome. GLA sources are rare in nature, but signiˆcant levels of GLA have been found in evening primrose seed oil (EPO), 5) borage seed oil, 6) black currant seed oil 7) and some speciˆc fungal oils. 6) Oenothera biennis Linn, a species related to the evening primrose, is a wild plant found in Hokkaido, Japan. Its seed oil (OBLO) contains the same level of GLA as that in the evening primrose. 8) Fukushima et al. 8) have recently reported the reduction of body and liver weight resulting from the administration of OBLO to cholesterol-fed rats. Interestingly, in their experiment using three variant dietary oils containing GLA, OBLO, EPO, and bio-GLA oil from mold (BIO), they observed that the level of the physiological eŠects of OBLO was higher than that of BIO, and that EPO had no eŠect, although the GLA level of OBLO was lower than that of BIO, and nearly equal amounts were present in both OBLO and EPO. They also that reported the serum total cholesterol concentration of the OBLO (linoleic+gamma-linolenic) groups were consistently lower than those of the other groups, sun‰ower oil (linoleic), palm oil (oleic+linoleic), soybean oil (linoleic+alpha-linolenic), high-oleic saOEower oil (oleic+linoleic), and mixed oil (linoleic+alpha-linolenic). 9) Furthermore, they reported a reduction in the serum total cholesterol concentration in the OBLO and EPO groups. 8) In their experiment, they observed that the level of the physiological eŠect of the OBLO group was higher than that of EPO, in spite of the fatty acid composition of OBLO being identical or similar to that of EPO.
It has recently been reported that the triacylglycerol structure and molecular species could in‰uence the absorption and metabolism of dietary oils. 10) In particular, there are extensive reports regarding the advantage of the absorption of fatty acid located at the sn-2 position rather than at the sn-1 or sn-3 position. [11] [12] [13] [14] [15] [16] [17] Therefore, characterization of the molecular structure of TG in dietary oils whose physiological eŠects diŠer from each other has potential for elucidation of the relationship between dietary oils and their physiological properties. A comparison of the molecular structure of TG in oils containing GLA with the physiological eŠect has not previously been made. The fatty acid compositions of OBLO, EPO and BIO, 6, 8) and the molecular species of TG from EPO 18) have been reported, although the molecular structure of TG from OBLO and BIO was not identiˆed. We therefore make the structural characterization of TG from OBLO, EPO and BIO, whose physiological eŠects diŠer from each other, by animal testing.
Materials and Methods
Oils. OBLO was kindly provided by Dr. M. Fukushima (Department of Bioresource Science, Obihiro University of Agriculture and Veterinary Medicine, Japan). EPO and BIO were respectively purchased from Summit Oil Co. (Chiba, Japan, licensed by Efamol Ltd.) and Idemitsu Material Co. (Tokyo, Japan). The fatty acid composition of TG in OBLO was analyzed for six oils that had been harvested in diŠerent years (1989, 1990, 1991, 1992, 1993 and 1994) . The fatty acid compositions of TG in EPO and BIO were each analyzed for six oils that had diŠerent lot numbers. We had previously analyzed the molecular species of TG in OBLO, EPO and BIO from these six oils that had been used for animal testing by Fukushima et al. 8) These fats were stored at "409 C prior to their preparation.
Preparation of triacylglycerol. The extraction of total lipids from the samples followed the procedure described by Folch et al. 19) Total lipids were dissolved in chloroform W methanol (2:1, by vol.) and applied to a silica gel thin-layer chromatography (TLC) plate (silica gel 60, Merck, Germany). The plate was developed in n-hexane W diethylether W acetic acid (80:30:1, by vol.) to 4 W 5 of the plate height. The silica gel corresponding to TG of the zone was scraped oŠ and separately extracted with chloroform W methanol (2:1, by vol.).
Reverse-phase high-performance liquid chromatography. TG was dissolved in chloroform and subjected to reverse-phase high-performance liquid chromatography (HPLC; LC-10A, Shimadzu Co., Kyoto, Japan) to separate TG into its molecular species. The mobile phase consisted of acetone W acetonitrile (64:36, by vol.) at a ‰ow rate of 1.5 ml W min. Peaks were monitored with a refractive index detector (RID-10A, Shimadzu Co., Kyoto, Japan). The column used for the separation was a Mightysil RP-18 GP type (5 mm, 6 mm I.D.×250 mm, Kanto Co., Japan), with two columns being connected in tandem. The column temperature was 309 C, and the sample size was 2 mg W 5 ml.
Pancreatic lipase hydrolysis. Hydrolysis of the oils by porcine pancreatic lipase (type II, Sigma Chemical Co., St. Louis, MO, USA) was performed essentially according to the method of Luddy et al. 20) To 1 mg of oil, 0.9 ml of a buŠer containing 1 M tris(hydroxymethyl)-amino methane at pH 8.0, 0.1 ml of 2.2z CaCl2 and 0.1 ml of 0.125z bile salts were added.
After adding 1 mg of ether-extracted lipase, the mixture was rapidly stirred in a water bath at 409 C for 30 min. The reaction products were extracted three times with 2 ml each of ether. The ethereal extract was washed three times with distilled water, before the extract was concentrated in a nitrogen stream and separated by thin-layer chromatography on a TLC plate (silica gel 60, Merck, Germany) developed in n-hexane W diethylether W acetic acid (30:70:1, by vol.) to 4 W 5 of the plate height. Monoacylglycerols (MG) were visualized with the primulin reagent under UV at 356 nm. The zone of silica gel corresponding to monoacylglycerol (MG) was scraped oŠ and separately extracted by chloroform W methanol (1:2, by vol.).
Gas-liquid chromatography. Fatty acid methyl ester derivatives of TG and MG that had been separated by TLC and HPLC were prepared by using methanolic HCl (50 ml W l) for 2 hours at 1259 C, and estimated by gas-liquid chromatography (GC-14B, Shimadzu Co., Kyoto, Japan) with a ‰ame ionization detector, using an HR-SS-10 capillary column (25 mm I.D.×25 m, Shinwa Chemical Industries, Kyoto, Japan). The initial column temperature was 1509 C, theˆnal column temperature was 2209 C and the temperature rate was 29 C W min. Helium carrier gas was employed at a pressure of 2.0 kg W cm 2 . Fatty acids of the samples were identiˆed by comparing their retention times with those of external standards.
It is known for reverse-phase HPLC that TGs are eluted in the order of the partition number (PN) that can be calculated by the equation PN＝CN (carbon number)"2×DB (number of double bonds).
21) The combination of fatty acids in the TG molecular species was estimated by PN and FA data obtained by a GLC analysis.
The acyl groups in TG were palmitic acid (P), palmitoleic acid (Po), stearic acid (S), oleic acid (O), linoleic acid (L) and linolenic acid (Ln). TG is not distinguished by the position of the acyl group bond; for example, it is shown as POL. Unidentiˆed and trace HPLC peaks (À0.5z of the total HPLC area) are presented as``others''.
Results

Fatty acid composition in TG
The fatty acid compositions of TG from OBLO, EPO and BIO are shown in Table 1 . There was no signiˆcant diŠerence in fatty acid composition with the year harvested from OBLO. There was also no signiˆcant diŠerence in fatty acid composition among diŠerent lot number from EPO or BIO. The fatty acid compositions of total TG from OBLO and EPO were very similar, but that from BIO considerably diŠered from those from OBLO and EPO. The most abundant FAs in total TG were linoleic acid in OBLO (73.3z) and EPO (75.0z), and oleic acid in BIO (39.4z). The GLA level in total TG of BIO was 26.2z, whereas it was 11.1z in OBLO and 8.0z in EPO. The level of GLA in BIO was 2.4-fold higher than that in OBLO and 3.3-fold higher than that in EPO.
The distribution of fatty acids at the sn-2 position in TG from OBLO, EPO and BIO is shown in Table 1 . The fatty acid composition at the sn-2 position of TG in the three oils showed marked diŠer-ences from that of the total TG fractions. The GLA level at the sn-2 position of OBLO and EPO was markedly higher than that of the total TG fractions, the distinction being most prominent in OBLO. On the other hand, there was no diŠerence between the GLA level at the sn-2 position of BIO and its total. The oleic acid and linoleic acid levels at the sn-2 position in BIO were higher than that of total TG. There was not much saturated fatty acid at the sn-2 position of these three oils.
Characteristics of the molecular species of triacylglycerol
Reverse-phase high-performance liquid chromatograms of OBLO, EPO and BIO are shown in Fig. 1 . There were 12 TG peaks for OBLO and EPO, and 28 TG peaks for BIO that could be detected by HPLC separation. The relative ratio and fatty acid composition of each TG peak and the estimated combination of fatty acids in the TG molecular species are shown in Tables 2, 3 and 4.
All the molecular species of TG in OBLO corresponded to those in EPO (the distribution of fatty acids between the sn-1, sn-2 and sn-3 positions did not diŠer). The major TG types in OBLO and EPO were LLLn, LLL, OLL and PLL. TG containing GLA in those was composed ofˆve molecular species, LLnLn, LLLn, OLLn, PLLn, and SLLn. The most abundant molecular species containing GLA was LLLn (OBLO, 18.6z; and EPO, 15.1z). The total of molecular species containing GLA in OBLO (29.8z) was higher than that in EPO (23.8z). All the TG peaks detected in OBLO and EPO had linoleic acid. In BIO, 18 of the 28 TG peaks detected by HPLC could be characterized, the other 10 TG peaks containing only a small amount of TG or being co-eluted with neighboring peaks, and could not be analyzed. However, we could mostly characterize the TG prole of BIO because nearly 85z (area ratio) of the TG peaks were identiˆable. The TG proˆle of BIO was considerably diŠerent from those of OBLO and EPO. In BIO, theˆrst major TG was POLn (13.5z), and the second was OOLn (11.6z). These both contained GLA. TG containing GLA comprised the ten molecular species, and among these TG species, POLn, OOLn, PLLn, OLLn and OLnLn were the major ones. The percentage of the molecular species containing GLA in BIO (56.6z) was higher than that in OBLO and EPO. The percentage of molecular species containing oleic acid in BIO was also higher than that in OBLO and EPO.
Positional distribution of TG molecular species
The fatty acid composition at the sn-2 position obtained by pancreatic lipase hydrolysis of each TG peak is shown in Tables 2, 3 and 4. It was found that most TG peaks in all of the oils, except for LnLnLn, LLL, and OOO, were composed of several positional isomers, because the 2-positions contained several kinds of fatty acid.
The GLA levels in OBLO at the sn-2 position in LLLn, LLnLn and PLLn, the major forms containing GLA, were higher than those in EPO. There was no diŠerence in fatty acid composition of the other major TG types at the sn-2 position between OBLO and EPO. The GLA levels in BIO at the sn-2 position were high only in OlnLn and PLnLn, being low in the other species (15.6-38.7z). Oleic acid was the major fatty acid at the sn-2 position in each of the TG peaks.
Discussion
We have clearly revealed in this study diŠerences in the structure of TG from oils containing GLA, OBLO from a wild plant, EPO from a cultured plant and BIO from a mold, the physiological functions of which have been ascertained by animal testing conducted by Fukushima et al.
8)
Lawson and Hughes 6) have reported the TG structures of plant and fungal oils containing GLA; however, the molecular species of those oils were not described. The fatty acid compositions of TG from EPO and BIO were very similar to those previously reported. 6) We found that the GLA level at the sn-2 position of OBLO was considerably higher than that of EPO, although the fatty acid compositions in total TG were 
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S. SHIMIZU and M. NAKANO similar. In respect of the GLA level of BIO, there was no diŠerence between that at the sn-2 position and total TG. GLA at the sn-2 position in OBLO and BIO reportedly eŠected a reduction in the body and liver weights of 19.5z and 26.3z, respectively, but that of EPO (13.8z) had no eŠect. Takada et al. 22) have reported that dietary GLA oil reduced the bodyfat content and facilitated fatty acid beta-oxidation in the liver. It is generally acknowledged to be better for the absorption of fatty acid that it be located at the sn-2 position rather than at the sn-1 or sn-3 position. [11] [12] [13] [14] [15] [16] [17] Based on these facts, it might be that the GLA level at the sn-2 position of these oils rather than their total TG level was connected to the reduction in body and liver weight. Furthermore, Fukushima et al. have reported that the serum total cholesterol concentration of the OBLO group was lower than that of the EPO group in cholesterol-fed rats, 9) in spite of the fatty acid composition of OBLO being identical or very similar to that of EPO. They also reported a reduction in the serum total cholesterol concentrations resulting from the administration of oil containing GLA to cholesterol-fed rats. 8) This phenomenon might be associated with the GLA level at the sn-2 position of OBLO being higher than that of EPO.
To investigate whether a special molecular species of TG would aŠect these physiological properties, we analyzed the molecular species in TG of these oils by reverse-phase HPLC. In OBLO and EPO, LLLn was the major molecular species containing GLA, the molecular species in OBLO having more GLA at the sn-2 position than EPO. On the other hand, in BIO, there was no particularly abundant molecular species, and those containing GLA had less of it at the sn-2 position than OBLO and EPO. These results strongly suggest that the GLA level at the sn-2 position rather than the molecular species of TG aŠected those physiological properties.
We determined in this study the sn-2 positional composition by using 2-monoacylglycerols released by pancreatic lipase hydrolysis, a method used due to the small amounts of our samples. There are several methods for determining the stereospeciˆc composition of a TG. [23] [24] [25] [26] [27] [28] Lawson and Hughes 6) have suggested that free fatty acids and 1,2; 2,3-diacylglycerols released by pancreatic lipase cannot be used to determine the stereospeciˆc structure of an oil containing GLA, because GLA resisted pancreatic lipase hydrolysis. However, in their report, for determining the composition at the 2-position, there was no diŠerence between the lipase-generated 2-monoacylglycerol method and the other methods. Pancreatic hydrolysis presents less risk of degradation by oxidation and acyl migration than other methods, because the procedure is very simple. Additionally, this method can be carried out with a small amount of TG, and it has high recovery of 2-monoacylglycerols. Accordingly this method was adequate for determining the composition at the sn-2 position for small sample amounts.
Reports abound about the triacylglycerol structure and the molecular species that could in‰uence the absorption and metabolism of dietary oils, 10) but details of the mechanism have not been completely clariˆed. There are many reports on the advantages for absorption of fatty acids located at the sn-2 position rather than the sn-1 or sn-3 position, for example, cacao butter, 29, 30) palm oil, 31, 32) peanut oil, 33) beef tallow, 34) lard, 34) and seal andˆsh oils, [35] [36] [37] [38] [39] but no report about GLA oils. This is theˆrst study clarifying the advantage for the absorption of fatty acid located at the sn-2 position of GLA oils. The evidence obtained from oil containing GLA will also be useful for further understanding of the physiological functions of GLA oils.
